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Abstract

Non-equilibrium molecular dynamic simulations have been carried out to study the effect of the interface wettability

on the pressure driven flow of a Lennard–Jones (LJ) fluid in a nanochannel. The results show that the hydrodynamic

boundary condition at the solid–liquid interface depends on both the interface wettability and the magnitude of the

driving force. For a LJ fluid in a nanochannel with hydrophilic surfaces, the velocity profiles have the traditional

parabolic shape. The no-slip boundary condition may break down when the driving force exceeds a critical value that

overcomes the interfacial resistance. In such a case, the MD results show a pattern of an adsorbing layer sliding along

the solid wall. For a LJ fluid in a nanochannel with hydrophobic interfaces, the results show that a gap exists between

the liquid and the surface, resulting in almost frictionless resistance; the velocity shows a plug flow profile and the slip

length is not constant but depends on the driving force. Furthermore, it is found that the non-uniform temperature and

pressure profiles near the solid walls are owing to the effect of interface wettability.

� 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Simulation of microscale thermo-fluidic transport

has attracted considerable attention in recent years ow-

ing to rapid advances in microelectronic fabrication

technologies and the promise of emerging nano-tech-

nologies. For macroscopic flows, it has been well es-

tablished that the boundary condition of a viscous fluid

at a solid wall is one of ‘‘no-slip’’ condition in the con-

tinuum regime, while velocity slip at the wall occurs

when the Knudsen number of the flow is greater than

0.001 [1]. The effect of the solid–liquid interface wetta-

bility on the boundary condition is negligible for flow

in a macrochannel. However, the effect of the surface

wettability on the interface boundary condition in mi-
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croscale flows cannot be ignored since the molecular

interaction at the interface may play an important role

with the decrease of the domain size.

Recently, a number of papers [2–12] have appeared

on the study of microscale flow at the solid- liquid in-

terface to determine whether the traditional hydro-

dynamic boundary condition is valid. Tretheway and

Menhart [2] performed an experiment and found that

the apparent velocity slip existed in a microchannel

coated with a hydrophobic monolayer while the no-slip

boundary condition existed on a clean hydrophilic mi-

crochannel. Zhu and Granick [3] found experimentally

that the no-slip boundary condition is satisfied only at

low flow rates, and the magnitude of the velocity slip

depends on the flow rate and the surface wettability.

Based on molecular dynamics simulation, Barrat and

Bocquet [6] obtained slip lengths of 30 molecular

diameters on a surface with a contact angle of 140�,
which is drastically different from the no-slip boundary
ed.
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Nomenclature

D distance between two walls from the first

solid layer

Dz distance between two solid walls, which

equals to D� 2rl

Fx driving force

kB Boltzmann constant

ls length of slip

M mass of a molecule

N number of molecules

P pressure

rij distance between molecule i and j
T temperature

Uc centerline velocity of the flow

V volume of the bin

Vn;i velocity component ið¼ x; y; zÞ of molecule n
V i mean velocity component ið¼ x; y; zÞ
Vs slip velocity of the liquid adjacent to the wall

Greek symbols

a potential energy factor to adjust the strength

of hydrophilic interaction

b potential energy factor to adjust the attrac-

tion for hydrophobic interaction

r length parameter of LJ potential

e energy parameter of LJ potential

d thickness of interface region

h contact angle

ql density of bulk liquid

qsat density of saturated liquid

/ potential energy

Subscripts

l liquid

s solid
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condition. Thompson and Troian [7] obtained both

linear and non-linear responses of slip lengths for the

Couette flow. Cieplak et al. [8] suggested that the slip

length is related to the fluid organization near the solid

wall and is independent of the type of flow. Most re-

cently, experiments performed by Craig et al. [11] as well

as by Zhu and Granick [12] show that the slip length is a

function of the flow rate. These recent studies confirmed

that both no-slip as well as slip velocity boundary con-

dition may occur at the fluid/solid interface in microscale

fluidic problems. In another paper, Wu and Cheng [13]

found experimentally that interface wettability has no-

ticeable effects on both pressure drop and convective

heat transfer in microchannels. However, the mecha-

nism of this effect from themicroscale point of view has

not yet been clarified.

The purpose of this paper is to examine the effect of

surface wettability on pressure driven flows in order to

better understand the fluidic flow behavior at a solid

wall. We have carried out non-equilibrium molecular

dynamic (NEMD) simulations of simple Lennard–Jones

(LJ) fluids subject to an inlet driving force in a nano-

channel. In the present work, multi-layers of platinum

molecules are utilized to simulate the solid walls, and

argon molecules are employed as a LJ fluid. A modified

LJ potential function is used to represent different in-

terface wettabilities by using different values of solid–

liquid interaction parameters. The interfacial density

profiles at different magnitudes of the driving force (in a

steady non-equilibrium condition) and those without

external force (in an equilibrium condition) are com-

pared to clarify the characteristics of the solid–liquid

interface structure. Also, the effects of the interface
wettability and the magnitude of the driving force on the

velocity, temperature, and pressure profiles are dis-

cussed.
2. Simulation methods

In this paper, molecular dynamics simulations are

performed for liquid molecules moving in a nanochannel

bounded by two solid walls on the z-axis, subject to a

driving force at the inlet as shown in Fig. 1. The simu-

lation cell has the size of 5.83 · 3.85 · 7.22 nm3 and the

distance separated between two walls is 5.41 nm. Each

solid wall consists of four layers of molecules arranged

as a FCC lattice and its Æ1 1 1æ surface is in contact with

the liquid. For the sake of physical understanding, we

assume that the solid walls are made of platinum and the

LJ fluid is argon. For the geometry under consideration,

there are 2688 platinum molecules corresponding to its

density of 21.45 · 103 kg/m3. Initially the system is at 100

K, and, there are 2400 argon molecules (at its saturated

liquid density) inside the nanochannel. Periodic bound-

ary conditions with respect to the number of molecules

are applied along the x- and y-directions. In the z-
direction, outside each solid wall of the simulation cell,

four layers of phantom solid molecules anchored by

their lattice are located to model a semi-infinite potential

field of the solid wall [14].

For the liquid–liquid interaction, the LJ potential is

applied:

/ðrijÞ ¼ 4e
r
rij

� �12
"

� r
rij

� �6
#
; ð1Þ
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Fig. 1. Simulation system configuration of nanochannel with the size of Lx ¼ 5:83 nm (17rl), Ly ¼ 3:85 nm (11rl), Lz ¼ 7:22 nm (21rl)

and D ¼ 5:41 nm (16rl). This configuration of the wall was prepared by four layers consisted by 1344 platinum molecules at each side.

Only the outside layer of each wall is used to be a thermostat layer. Outside of the solid wall of the simulation system, phantom

molecules anchored by their lattices are set to model a semi-infinite potential field of the wall.
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where the length parameter r ¼ rl ¼ 3:405 �AA, and the

energy parameter e ¼ el ¼ 1:67� 10�21 J for argon. The

LJ potential given by Eq. (1) is also applied for the

solid–solid interaction with r ¼ rs ¼ 2:475 �AA corre-

sponding to the lattice constant 2.776 �AA of platinum,

and e ¼ es ¼ 8:35� 10�20 J (� 50el) for the potential

well depth of Pt–Pt to model molecular vibration at the

lattice. The method of tethering the solid molecules to a

fixed lattice site [6] is not used in the present work.

For the solid–liquid interaction, the following mod-

ified LJ potential is used:

/slðrijÞ ¼ 4esl
rsl

rij

� �12
"

� b
rsl

rij

� �6
#

¼ 4a
ffiffiffiffiffiffiffi
eles

p � rsl

rij

� �12
"

� b
rsl

rij

� �6
#
; ð2Þ

where rsl ¼ ðrl þ rsÞ=2, and the energy parameter esl is
given by esl ¼ a

ffiffiffiffiffiffiffi
eles

p
based on the Lorentz–Berthelot

combining rule [15,16]. Here, a is the potential energy

factor indicating the strength of hydrophilic interaction

and b is the potential energy factor indicating the at-

traction for hydrophobic interaction. Eq. (2) is a modi-

fied form of the LJ potential, which is a combination of
the potential models used by Din and Michaelides [10]

as well as by Barrat and Bocquet [6]. In this paper, the

values of a and b with responding values of the contact

angle are taken from a recent paper [17] for the problem

of droplet formation on a substrate. These values were

used in simulation Cases (a)–(f) and are listed in Table 1.

As shown from this table, Cases (a)–(c) at b ¼ 1 with

zero contact angle are nanochannels with hydrophilic

surfaces. As will be discussed in Section 3, the decreasing

values of a in Cases (a)–(c) representing decreasing

strength of hydrophilic interactions. Thus, the values of

a ¼ 1, a ¼ 0:5 and a ¼
ffiffiffiffiffiffiffiffiffi
el=es

p
¼ 0:14 (i.e., esl ¼ el) in

Cases (a)–(c) represent strong, middle and weak hy-

drophilic interactions. Cases (d)–(f) at a ¼ 0:14 and with

decreasing values of b, having contact angles varying

from approximately 130� to 180�, are hydrophobic sur-

faces. Thus, the values of b ¼ 0:5, b ¼ 0:3 and b ¼ 0:1 in
Cases (d)–(f) represent weak, middle and strong hydro-

phobic interactions respectively.

All simulations were performed with a time step of 5

fs and a selected cut off radius of 3.5 rl for the spheri-

cally truncated and shifted potential. The equations of

motion were integrated by the Velocity Verlet algorithm.

After achieving a steady state from the initial state, the

equilibrium system (without thermostat and external
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Table 1

Simulation cases and the values of a and b used in Eq. (2)

Simulation

cases

a b h [�] d [nm] �qq=qsat
a qmax=qsat

a Dq ¼ ql � qsat

[kg/m3]

(a) 1 1 0 2.061 1.039 4.174 )0.195
(b) 0.5 1 0 1.959 1.037 3.699 )0.096
(c) 0.14 1 0 1.790 1.012 3.267 )0.024
(d) 0.14 0.5 130± 7 1.385 0.968 2.242 0.048

(e) 0.14 0.3 160± 8 1.216 0.945 1.526 0.062

(f) 0.14 0.1 180 1.216 0.932 1.528 0.076

The contact angle h are taken from Ref. [17]. The thickness of interface region d, the mean and maximum density of interface region

�qq and qmax, the density difference between the bulk liquid and the saturated liquid Dq ¼ ql � qsat are obtained from equilibrium

simulations.
a qsat ¼ 1311:2 kg/m3 for T ¼ 100 K.
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force) at 100 K was simulated. Then, the NEMD sim-

ulation with external force and thermostat was carried

out from this equilibrium state.

In earlier MD work on Poiseuille flow [6,8,9], exter-

nal force was applied uniformly to each liquid molecule

similar to that of a gravity-driven flow. Under such a

situation, a large amount of energy was added to the

system by the external force, and temperature control

was applied to all wall molecules [9] or fluid molecules

[6,8]. In order to obtain more realistic results for a

pressure driven flow in the present work, the external

force was applied only at the inlet region of the channel

to drive the flow. The length of the inlet region is defined

as one molecular diameter of argon (rl ¼ 3:405 �AA),

which is about 4.7% of the channel length. Because an

external driving force is applied and energy has been

added to the system that may lead to the generation of

heat, the simple velocity scaling technique [18] is applied

only to the outside layer of each wall (not all wall atoms)

to maintain a constant wall temperature there. This

would allow the possibility of a temperature slip at the

interface. Similarly, a constant inlet temperature of 100

K (the same as the wall) was applied by velocity scaling

to the liquid molecules in the inlet region, which is about

5% of the total number of liquid molecules. It should be

noted that no thermostat was coupled to the liquid or

solid molecules elsewhere for all simulation cases.
3. Results and discussion

If there is no wall effect, the channel would be filled

with 2400 molecules to achieve the saturated density

of liquid argon at 100 K with qsat ¼ 1311:2 kg/m3.

Therefore, the following results obtained based on 2400

liquid molecules are for the flow near the saturated

state. In all NEMD simulations, 2.5 ns were used for

the data sampling, and the local data of the velocity,

temperature and pressure were collected by 8· 8 bins in

the x- and z-directions. The segmental width of each bin
was set to be 7.29 �AA in the x-direction and 6.76 �AA in the

z-direction.

3.1. Interface structure

We now examine the effect of interface wettability on

the interface structure by comparing the density profiles

near the liquid/solid interfaces for the equilibrium and

non-equilibrium conditions. To obtain the interface

density distribution, narrow divisions of 80 bins in the z-
direction were used and the segmental width of each bin

was set at 0.676 �AA (� rl=5).
Fig. 2 shows typical snapshots of the simulation

systems and the density profiles of liquid argon in the

equilibrium condition in which no external force and no

thermostat were applied. The shadows in the right-hand

side’s figures illustrate the solid walls and the vertical

dashed lines show the position of the molecular mass

center of the first solid layer. Results for the hydrophilic

surface (a) with a ¼ 1 and b ¼ 1 are presented in Fig.

2(a). It is shown that the liquid molecules in the snap-

shots distribute orderly in the vicinity of the solid in-

terface due to strong solid–liquid interactions. This

interface structure (i.e., the solid-like structure formed

by the adsorption layers of argon molecules) and its

oscillatory characteristics of the density profiles are in

agreement with most of earlier studies [19,20]. It should

be noted that the oscillatory characteristics of density

profiles in this interface structure are owing to the fact

that the molecules are orderly distributed adjacent to the

walls and the width of the bin was chosen to be smaller

than the molecular diameter. Due to the nanoscale of

the separate distance of the walls, the effect of wall

adsorption on the bulk density of the liquid is very

prominent. Thus, the density of the bulk liquid has a

lower value than its saturated value of qsat ¼ 1311:2 kg/

m3. The interface region, defined as the region where its

local density deviates from its bulk value, is character-

ized by its thickness d which is typically several molec-

ular diameters as listed in Table 1. It is shown that the
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Fig. 2. Snapshots and particular description of density distribution in equilibrium states of 100 K. The solid line is a guide for the eye.
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thickness of the interface region decreases with the de-

creasing of a, implying the hydrophilic interaction has

decreasing strengths. For Case (a), the thickness is about

2.061 nm (� 6rl) with three orderly molecular layers

adjacent to each wall. Figs. 2(b) and (c) show the results

of a hydrophilic interface (b ¼ 1) with middle (a ¼ 0:5)
and weak (a ¼ 0:14) solid–liquid interactions. The solid-

like layers near the walls can also be found in these two

cases, although the thickness of the interface region

becomes thinner. Figs. 2(d)–(f) show the results for hy-

drophobic cases (b ¼ 0:5; 0:3; 0:1) corresponding to the

partial wetting and non-wetting surfaces. It is shown

that the molecules adjacent to the solid walls were more

randomly distributed comparing with those in Figs.

2(a)–(c). Consequently, the density variation in the in-

terface regions became smaller and smaller. As the at-
traction of the modified LJ potential in Eq. (2) was

weakened by reducing b, the interfacial layer structure

was less obvious and the bulk liquid results in a super-

saturated situation. In cases of Figs. 2(e) (with b ¼ 0:3)
and (f) (with b ¼ 0:1), a gap (with density equal to zero)

is formed between the liquid and the walls, which

drastically differ from the hydrophilic interface. In Ref.

[21], the existence of a gap between liquid and solid

formed by entrained or soluble gas in the flowing liquid

has been suggested to increase the velocity slip. The

present MD results thus support this speculation. Table

1 lists the ratios of the mean (�qq) and the maximum

density of interface region (qmax) to the saturated value

(qsat ¼ 1311:2 kg/m3) for the six simulated cases. The

mean density of the layers near the wall is higher than

the value of the bulk liquid for the hydrophilic cases,

https://www.researchgate.net/publication/237926738_On_the_no-slip_boundary_condition_of_hydrodynamics?el=1_x_8&enrichId=rgreq-c476912e-6a05-46d9-a4fb-8fb495d44c09&enrichSource=Y292ZXJQYWdlOzIyMjEzMzg5ODtBUzoxMTk1NTU0NjA0NDAwNjVAMTQwNTUxNTY1MTk1Nw==


Fig. 2 (continued)
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while it is lower for the hydrophobic cases. The differ-

ences between saturated density (qsat) and the bulk liquid

density are also presented in Table 1. It is shown that the

bulk liquid results in the subsaturated situation for the

hydrophilic surface, while the supersaturated situation is

caused by the hydrophobic surface.

Fig. 3 shows the effect of external force on the density

profiles based on the NEMD simulation where only half

of the nanochannel is shown. Again, the shadows illus-

trate the solid walls and the dashed lines show the po-

sition of the molecular mass center of the first solid

layer. Simulations were carried out with four different

external forces of 1.96 · 10�1 pN (square), 1.96 pN (di-

amond), 7.55 pN (triangle/up) and 9.80 pN (triangle/

down) at the inlet, corresponding to the inlet driving

pressures of 1.32, 13.19, 50.76 and 65.93 MPa respec-
tively. The solid line is the density profile of equilibrium

simulation without inlet driving force (i.e., the results of

Fig. 1). It is shown that there is no significant deviation

from the equilibrium interface structure while the

thickness of the interface region is almost independent of

the driving force. Thus, the driving force has no signif-

icant influence on the interface structure of the density

profile. Simulations were also carried out with a very

large driving force corresponding to the inlet pressure of

130 MPa for Case (a), which resulted in slight decreases

in the thickness of interface region and a slight increase

in the density of the first adsorption layer. However,

such a high driving force could not be achieved in reality

in a laboratory. Therefore, we can conclude that the

interfacial density structure is independent of the mag-

nitude of the driving force, and is a characteristic de-
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Fig. 3. Interfacial structure and the driving force with different interfacial wettability.
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termined only by the interface wettability for the con-

fined liquid flow near the saturated state.

3.2. Velocity profile

Fig. 4 illustrates velocity profiles of the flow in the

z-direction along the nanochannel. Depending on the

surface wettability, it is shown that the velocity profiles

can have either a parabolic shape or a plug flow shape.

With the same surface wettability condition, the velocity

profiles have a similar shape under different driving

forces. For hydrophilic surfaces of Cases (a)–(c), the

velocity profiles are similar to the macroscopic flow of

parabolic shape and the mean velocity of the flow in-

creases with increasing driving force. Comparing Case

(a) with Cases of (b) and (c), it appears that the stronger
interfacial interaction (with higher value of a) causes

higher viscosity at the interface region. As seen from this

figure, no-slip boundary condition still holds at the well-

wetted surface (a) for the driving force presenting, and

the velocity gradient takes place inside the liquid.

However, at the interface (b), although no-slip is satis-

fied for the low driving force, it obviously breaks down

when the driving force is increased to 7.55 pN (triangle)

and 9.80 pN (circle). Similar situation is found for Case

(c) where the apparent slip occurs when the driving force

is larger than 1.96 pN (diamond). This implies that Case

(c) has a less interfacial resistance than that of Cases (b)

and (a), and the velocity slip occurs at the interface when

the driving force overcomes the interfacial resistance. On

the other hand, simulation results for hydrophobic sur-

faces of Cases (d), (e) and (f) show a plug flow profile
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with apparent velocity slip at the wall even at low

driving forces. Away from the walls, the flat velocity

profiles are in parallel with each other under different

driving forces.

Fig. 5 shows the velocity distribution in the stream-

wise direction (x-direction) for Cases (a)–(f) under the

same driving force of 1.96 pN. It is shown that the

streamwise velocity is almost constant along the channel

direction. It is seen from this figure that the mean ve-

locity of the flow in hydrophilic channels is lower than

those in hydrophobic channels for the same value of the

driving force. This implies that hydrophobic surfaces

have a smaller interfacial hydrodynamic resistance than

hydrophilic surfaces. Thus, a smaller driving force is

required for flows in microchannels if interface wetta-

bility is reduced.
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3.3. Interfacial velocity slip

As shown in Fig. 6 we can obtain the slip length ls by
extrapolating the velocity profile from the position in the

fluid (with one atomic distance from the first solid layer)

to where the velocity would vanish within the solid. It

should be note that the slip length ls, as defined here, is

not the same as those defined according to the Navier

boundary condition [22] (see Appendix A). When the

boundary condition of vanishing velocity occurring at

ls þ Dz=2 from the centerline of the channel is applied to

the Stokes flow between two infinite parallel plates, the

solution for the slip velocity Vs near the wall normalized

by the centerline velocity Uc is

Vs
Uc

¼ 1� 1

�
þ 2ls

Dz

��2

; ð3Þ

where Dz is the distance shown in Fig. 6. Eq. (3) gives the

no-slip boundary condition when ls ¼ 0 or when Dz is

much larger than ls as in most of the macroscopic

phenomena. If ls is finite, the importance of the term

2ls=Dz in Eq. (3) increases as Dz is decreased. Therefore,

if Dz is at the micro- and nano-length scales, the slip

velocity may be significant even if the slip length ls is still
in nano-length scales. For example, in the case when the

ratio 2ls=Dz is close to 1, Eq. (3) gives the slip velocity

being 75% of the centerline velocity. Eq. (3) also shows
Table 2

Variation of the slip length ls as a function of the inlet driving force

Case

Fx [pN] (per molecule)

ls [nm] 0.10 0.20 0.39

(a) 0 0 0.03

(b) 0 0.31 0.41

(c) 0 1.22 1.44

(d) 11.13 11.38 14.63

(e) 21.75 24.62 39.43

Simulation cases (a)–(e) are corresponding to the different interfacial
that the constant slip length will result in the constant

normalized slip velocity.

Table 2 summarizes the results of the slip length ls
for surfaces (a)–(e) by fitting the velocity profiles. It is

shown that for a given surface with fixed wettability, the

slip length is a function of the driving force and is not

a constant. Although the variation of the slip length is

small for a hydrophilic surface, it shows an upward

trend with increasing inlet driving force. For a hydro-

phobic surface, the slip length increases dramatically

with increasing driving force. Thus, the present MD

results agree with experimental data that the slip length

is a function of the flow rate [3,11,12].

Fig. 7 is a comparison of the velocity slip given by

Eq. (3) with the MD results. As mentioned earlier, the

slip velocity is defined to be the velocity sampled in the

first bin near the wall, where its center is one atomic

distance from the solid wall. Fig. 7(a) illustrates the

variation of the slip velocity as a function of the inlet

driving force. The slip velocity increases with increasing

inlet driving force, and a large magnitude of velocity slip

is observed at the non-wetting interface (with a ¼ 0:14
and b ¼ 0:1). Also, by substituting the results of the slip

length listed in Table 2 into Eq. (3), the normalized slip

velocity is obtained. Fig. 7(b) presents the normalized

slip velocity where the dashed lines are the results esti-

mated by Eq. (3) and the MD results represented by

symbols. It is shown that the slip velocity at a hydro-

phobic interface is more than 90% of the centerline ve-

locity, while it is less than 50% of the centerline velocity

at a hydrophilic surface. For surface (a) with a ¼ 1 and

b ¼ 1, although no-slip boundary condition is valid for

various inlet driving forces presented in Fig. 4(a), this

boundary condition is not valid when an extremely large

driving force is applied. For the latter case, results show

that the liquid molecules near the wall sliding along the

solid wall, and the velocity of the adsorption layer ad-

jacent to the wall can reach 40% of the centerline ve-

locity for the parameters chosen. Simulation results

presented in Fig. 7(b) shows that the normalized slip

velocity is not constant but is a function of the inlet

driving force.
Fx

1.96 7.55 9.80

0.04 0.06 0.07

0.60 0.93 0.94

1.47 1.71 1.74

14.63 27.63 29.13

57.09 118.65 137.95

wettability with detailed parameters shown in Table 1.
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3.4. Temperature profiles

The local temperature T of each bin can be obtained

from

T ¼ 1

N

XN
n¼1

2

3kB

X3

i¼1

1

2
mðvn;i � �vviÞ2; ð4Þ

where N is the molecular number in the bin, kB is the

Boltzmann constant, m is the mass of the liquid molecule,

vn;i is the velocity of molecule n in the ið¼ x; y; zÞ direction,
and �vvi is the mean velocity of the macroflow in the bin.

The temperature profiles shown in Fig. 8 are time-

averaged data sampled during 2.5 ns. In order to obtain

realistic temperature distribution, no thermostat was

coupled directly to the liquid molecules (except the inlet

region) and temperature control was only performed to

the outside solid layers of the nanochannel. For the

hydrophilic surface (a), it is found that constant tem-

perature distribution in the liquid between the walls of

the nanochannel, which is consistent with the no-slip

boundary condition. The heat generated by the internal

friction of the liquid is transferred to solid molecules and

is then removed by the thermostat. For hydrophilic

surfaces (b) and (c), similar thermal behavior is observed

for a small driving force. However, for large driving

forces that lead to the apparent velocity slip at the
boundary layer, the temperature distribution in the liq-

uid between the walls of the nanochannel has a M shape:

there is a temperature peak near the solid wall although

the temperature at the center of the channel remained at

the wall temperature of 100 K. Since increasing the inlet

driving force results in a significant increase in the rel-

ative velocity between liquid and solid molecules, heat is

generated by the interfacial friction between liquid and

solid molecules. Thus, the local temperature near the

solid–liquid interface is increased and a temperature slip

occurs at the interface. Similar situation is found for the

hydrophobic surfaces (d) and (e). Because the interface

resistance decreases with reducing the surface wettabil-

ity, the temperature peak shows a lower value in Case (e)

even if the surface (e) has a larger slip velocity. Similarly,

for the surface (f) where the interfacial resistance is

supposed to be the lowest of all cases, the interfacial

friction shows less effect on the temperature profile. This

indicates that the interfacial friction plays an important

role on the temperature distribution between the walls in

the microchannel.

3.5. Pressure profiles

According to the virial theorem, the local pressure P
of each bin is

P ¼ NkBT
V

� 1

6V

X
i¼1

X
j>1

i 6¼j

rij
d/ðrijÞ
drij

; ð5Þ

where V is the volume of the bin. The first term in the

right side is for the momentum flux caused by the

molecular motion while the second term is for the con-

tribution of the intermolecular forces. Long-range cor-

rections were applied for the calculation of the pressure

[23].

Fig. 9 shows the time average pressure profiles of

liquid argon in the nanochannel for Cases (a), (c) and

(d). It appears that the liquid pressure in the center of

the nanochannel decreases when the driving force is in-

creased. For the hydrophilic surface (a), it is shown that

the pressure distribution is not uniform in the z-direction
and there are two low pressure zones in the adsorption

layers adjacent to the walls. Since the interfacial inter-

action results in the strong attraction force in the

adsorption layer, the low values are the result of dis-

joining pressure at the solid–liquid interface. For hy-

drophilic surfaces (b) and (c), the pressure variation at

the interface is small for low driving forces, while a

uniform distribution is found with increasing driving

force. However, for hydrophobic surfaces, the pressure

near the solid wall is higher than the bulk value due to

the repulsive interaction between liquid and solid mol-

ecules. Since the pressure profiles of Cases (e) and (f) are

similar to that of Case (d), we only show the results of

Case (d) in Fig. 9.
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Fig. 8. Temperature profiles of the pressure driven flow with different interface wettability. The solid line is a guide for the eye.
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4. Conclusions

The pressure driven flow of a LJ fluid is investigated

based on the molecular dynamics simulation in this

paper. The following conclusions may be drawn from

the present study:

1. The effect of surface wettability is important in deter-

mining interfacial hydrodynamic resistance. A hydro-

phobic surface has lower interfacial resistance than a

hydrophilic interface, which supports the experimen-

tal data [13]. Also, the interface structure is indepen-

dent of the driving force.

2. Solid–liquid interface boundary condition of the mi-

croscale flow depends on both the interfacial resis-

tance (surface wettability) and the external driving

force. The velocity slip at the hydrophilic interface
is the result of the driving force overcoming interfa-

cial resistance, while interfacial friction of the hydro-

phobic surface is reduced because a gap exists

between the liquid and the wall.

3. The velocity profile in a nanochannel with hydro-

philic surface is of parabolic shape while that with hy-

drophobic surface is of plug flow shape. As far as the

authors are aware, no previous paper has reported

that the velocity profile in a microchannel with hy-

drophobic surfaces is of the shape of a plug flow.

4. The temperature and pressure profiles are distributed

non-uniformly in the direction perpendicular to the

channel due to the effect of interface wettability.

The temperature of the liquid near the interface re-

gion increases when the interfacial friction is in-

creased. This implies that the viscous dissipation

effect is important in microscale fluidic flows. The
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Fig. 9. Pressure profiles of the pressure driven flow with dif-

ferent interface wettability. The solid line is a guide for the eye.
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M shape temperature profiles of the liquid in micro-

channel flow has not been found in previous MD sim-

ulations.
Appendix A. The slip length based on linear Navier

boundary

The linear Navier boundary condition [22] defines the

slip length ls as ls ¼ Vs= _cc, where _cc is the shear rate, which
equals dVs=dz. When the linear Navier boundary con-

dition is applied to the Stokes flow between two infinite
parallel plates, the solution for the slip velocity Vs near
the wall normalized by the centerline velocity Uc is
Vs
Uc

¼ 1

�
þ Dz

4ls

��1

: ðA:1Þ
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